Silica glasses can be synthesized by sintering silica aerogels at temperatures ranging from 900 to 1200°C, i.e., close to half the temperatures used for glass melting. The heat treatment can be tailored to obtain either fully densified or porous glass. This paper describes the different steps of the transformation of aerogels into glass along with the textural and microstructural transformations. Different types of information are analyzed: variations in dimensional shrinkage and the apparent density as a function of the densification conditions (temperature, duration of the thermal treatment), the associated structural changes, and the changes in the porous characteristics (macro and meso porosity, average pore radius). The kinetics of dimensional shrinkage help characterize the sintering mechanism. Structural data and porous characteristics allowed us to quantify the transformation of internal aggregates and porosity.
Introduction
The physical and chemical properties of glasses have been widely analyzed and their applications are well known [1, 2] . Glasses are used as optical materials and containers, but also for specific applications (reinforcement fibers, storage of nuclear waste,…). Ordinary glass (window glass and other silicates) are usually made in several steps: different oxides are mixed at high temperature, followed by a refining step and quenching; the last step causes the freezing of the amorphous structure of the melt. In the early 1980s, a new process was proposed: glasses are no longer prepared using the conventional melting and refining processes, but instead the sol-gel method [3, 4] . Since the silica gel is amorphous, it can be converted into silica glass at low temperature by "sintering" i.e., without melting or refining. Sintering is a densification heat treatment needed to convert highly porous silica gels into glass without porosity [3] . The sintering treatment is carried out at temperatures one-third to one-half lower than those required to melt the vitrifying compounds, almost the same as the glass transition temperature. Reports in the literature show that the sintering process makes it possible to progressively eliminate the porous structure of the aerogel until complete densification is achieved, resulting in a silica glass [5] [6] [7] [8] ).
Silica aerogels are characterized by high porosity, and this large pore volume can be used as host matrix for the synthesis of different types of materials including multicomponent aerogels, binary glasses, composites, or even materials with gradient properties [9] [10] [11] . For this purpose, certain physical properties that depend on the porosity of the aerogel (permeability, diffusion, and mechanical properties) are important. Hence, porosity characteristics and the microstructure of the solid network, such as pore volume, density, and pore size distribution, need to be controlled.
In this paper, we report sintering experiments realized on silica aerogels. We analyzed the sintering of fractal aerogels in order to confirm whether the Scherer flow-sintering model [7, 12] also applies to fractal aerogels.
Experimental section

Synthesis of materials
The silica gels selected in this study were made from tetramethoxysilane (TMOS) hydrolyzed in neutral (distilled water) or basic (10-2 M, NH4OH) conditions. The ethanol/H 2 O mixture was stirred and aged for 1 week at room temperature. The volume fraction of the solid was adjusted from the organosiloxane content diluted in the original solution (26-46% by volume). The gels were transformed into aerogels by supercritical drying at 305°C and 13 MPa [5] . The aerogels are labeled Ny and By, where y is the TMOS content, N and B are neutral or basic conditions, respectively. The aerogels have hydrophobic properties immediately after drying. Heat treatment at 350°C for 12 h makes it possible to eliminate their surface organic radicals.
Densification procedure
Sintering was characterized in dilatometer experiments in the temperature range 25-1300°C. Sintering of silica aerogels, which proceeds by viscous flow at high temperature, has been previously described [5] [6] [7] [8] . Depending on the duration of the heat treatment, the pores collapse and the apparent density increases up to the density of the silica glass 2.2 g cm −3 . In this study, sintered aerogel samples covered a density range of 0.17-2.2 g cm −3 (porosity between 98% and 0%).
Structural characterization
Small-angle X-ray scattering
The aerogel structure was characterized using small-angle scattering techniques. Scattering vectors q ranging from 0.0018 to 0.3 Å −1 were explored, making it possible to determine the density-density correlation function in a length scale of from 3 to 500 Å. Small-angle X-ray scattering (SAXS) provides information on the structure and degree of compaction in the aggregates forming the aerogel network [13, 14] . Analyzed in terms of fractal geometry [15, 16] , the experiments provided three characteristic information elements about structure: the average size of the fractal aggregates (ξ), the average size of the primary particles (a) that stick together to form the aggregates, and the fractal dimension D, which expresses the compactness of the aggregates. The power law portion, which appears to be linear in a logarithmic scale, has a slope related to -D. The position of the two changes in slope is, respectively, related to the inverse of the size of the cluster (ξ) and of the size of the particles (a). To analyze the data, the SAXS curves can be fitted using the following relation:
where Γ(x) is the mathematical gamma function and A is a constant of normalization. This expression describes both the Guinier and fractal regimes, as well as crossovers between the two regimes [15, 16] .
Raman scattering
The vibrational properties of silica aerogels were studied using low-frequency Raman spectrometry in a frequency range of 6-60 cm −1 . The I(ω) spectra were obtained with a classical Raman scattering system. The 514.5 nm or 488 nm line of an argon ion laser was used, with an incident output power of 400 mW. The width of the spectral slit was set at 1 cm
. A triple monochromator spectrometer was used to analyze the scattered light [16] . The main characteristic of low-frequency Raman spectra is a characteristic peak related to the vibrational mode of the constituent particles. Assuming that the structural units are spherical particles, it has been shown that the frequency ω p , of the peak, is correlated with the diameter a of the particle by: ω p /2π = Z/a where Z is a parameter dependent on the transverse sound velocity [17, 18] .
Porous characteristics
The density was determined by the weight and dimensions of the samples and we calculated the porosity and total pore volume from the bulk density and skeletal density (2 g cm −3 ) [19] . The different pore size ranges were defined as: micropores (0-2 nm); mesopores (1-40 nm); and macropores (> 40 nm). We measured the mesoporous characteristics (pore size, pore volume, and pore size distribution) by thermoporometry. Thermoporometry is a thermal method that analyzes the conditions of solidification of a condensate that saturates the porous material. The experimental setup is described elsewhere [20] . We impregnated the aerogels with water by inverse hypercritical drying according to a previously described procedure [21] . Previous data showed that aerogels have no microporous volume [21] and we calculated the macroporous volume by subtracting the mesoporous volume measured by thermoporometry from the total pore volume.
Results and discussion
Sintering of aerogels
Aerogels are macroscopically very different from silica glasses; however, Raman, infrared, and NMR spectroscopy used to characterize the molecular structure have identical signatures to those observed in vitreous silica [5, 10] . These types of porous materials can be considered as porous glasses, even though they differ greatly in how they reach the "vitreous" state. The sintering step should make it possible to convert this porous and partially organic material into dense silica while avoiding crystallization. Aerogels are made of amorphous silica, like glass, the main differences being the high porosity and the high concentrations of hydroxyl and organic groups in the aerogels. Heat treatments eliminate unwanted chemical species and pores. The thermograms obtained by differential thermal analysis (DTA), thermogravimetry, and dilatometry show three temperature ranges related to the changes in the aerogel features. The endothermic DTA bands in the 25-200°C range are due to the vaporization of water and alcohol. Exotherms in the 250-500°C range were attributed to the oxidation of organic species [5, 10] . Structural changes in silica aerogels were previously [5] monitored as a function of temperature using transmission IR spectroscopy. At low temperatures, the IR spectra indicate that O-CH 3 or O-C 2 H 5 groups resulting from gelation react with oxygen. The oxidation reaction starts at about 250°C and is complete at 500°C. The IR spectra also show that the adsorbed water disappears at low temperatures; however, the IR spectra of aerogels treated at 900°C show the presence of OH groups remaining in the structure (stretching vibration band at 3660 cm −1 ).
The dilatometry data showed that the sintering densification started in the temperature range (500-1000°C) and that it increased rapidly around 1000°C [22] , a temperature much lower than the melting temperature of quartz (1610°C ). Figure 1 shows the sintering measurements made at several temperatures in the range 650-1150°C (over a period of 2 h). The data reveal a sharp increase in density with temperature. In the temperature range 1050-1075°C, the pore volume was completely be removed and the bulk density was close to 2.2 g cm −3 , the density of silica glass.
Sintering is a process by which the surface of a material is reduced by mass transport [12, [22] [23] [24] . In a previous work [22] , we showed that two types of mechanisms are responsible for sintering. At low temperatures (500-700°C), sintering is due to a diffusion process, whereas at temperatures above 1000°C, sintering is related to a viscous flow phenomenon with an activation energy of 88 kcal mol −1 . In the intermediate temperature range, both processes exist and overlap. The viscous flow mechanism and the determination of its activation energy were identified based on the Frenkel model [24] . However, because of the approximations concerning its geometry, the Frenkel model should not be used after first stages of sintering. For amorphous materials, viscous flow is important because it is much faster than the densification process resulting from diffusion. Scherer [7, 12] proposed a model describing sintering over a wide range of porosity (0-95%). In this model, the relative density ρ/ρ s , where ρ is the bulk density and ρ s the skeletal density, is plotted against a reduced time K (t-t 0 ), t is the sintering time, t 0 is a fictitious time, and K is a constant at a given temperature:
where γ is the surface energy, η the viscosity, ℓ i and ρ i denote the length of the Scherer cell and the initial apparent density of the aerogel, respectively.
and
Sintering was identified by studying the kinetics of shrinkage. The samples were treated isothermally, the apparent density was measured as a function of time, and the relative density was adjusted to the theoretical curve (Fig. 2) . This procedure was used to determine the reduced time. If the model applies, the graph of reduced time versus real time will have to be straight lines. We calculated the viscosity at the temperatures of interest from the slopes of the straight lines.
As an example, Fig. 3 shows changes in density as a function of time for aerogel N46 at two different temperatures. Figure 4 shows the deduced lines K (t-t 0 ) versus t obtained at the two temperatures.
These results confirm the previous data [5] : sintering occurs by viscous flow and the isothermal densification kinetics of the aerogels corresponds to the Scherer model.
Next, we analyzed the sintering of different aerogels (N40, N33, N26, and B26) to check if the Scherer model applies to aerogels with well-established fractal characteristics such as N33, N26, and B26. For some samples, we monitored the sintering process at different temperatures as a function of time, which enabled us to calculate the activation energy of the sintering process. Table 1 textural and fractal characteristics of the different aerogels studied in this work. We observed the same kind of curves for sample N26 (data not shown for simplicity). The good quality of the fit to the Scherer model shows that viscosity does not vary during sintering. Thus, the hydroxyl content remains constant over time, as observed from isothermal thermogravimetric measurements [5] . 3.3 Viscosity and activation energy. The viscosities (Table 2 ) are calculated by the relation (2) . Using the surface energy of the silica (280 erg cm −2 ), the value li is deduced from the initial relative density and the specific surface area, using the relations (3) and (4) of the Scherer model [12] . (cf paragrapph 3.1)
Sintering curves and model extrapolation
The viscosity values are close to those expected in such materials. The calculated activation energies (90-30 kcal mol −1 ) agree quite well with the previously obtained value (88 kcal mol −1
) [22] . The activation energy of the viscosity of silica glass has been calculated in the literature [25] . The authors showed that viscosity and activation energy depend on the OH glass content [25] . OH acts as a modifier of glass structure (such as sodium) decreasing glass connectivity and therefore reducing its viscosity [26] .
In the case of vitreous silica, values ranging from 120 to 170 kcal mol −1 were measured for a hydroxyl content ranging between 1300 and 3 ppm. Our results are in agreement with those mentioned above if we consider the high OH content of aerogel samples. The OH concentration varied between 3000 and 5000 ppm [5] .
4 Changes in fractal structure during sintering
Scattering techniques
Scattering techniques (SAXS) provide information on the structure and degree of compaction in the clusters that form the aerogel network. The main datum that we can infer from the diffusion curves is the fractal dimension D that is related to the mass distribution in the cluster. We calculate D from the slope of the linear part and estimate the size of the fractal cluster (ξ) and the elementary particles (a) that build the cluster from the bounds of the linear part [27, 28] . The aerogel network can be described as an aggregate assembly (~50-200 nm). Aggregates can be fractal (D = 1.8-2.4), constructed by the aggregation of small particles (1-2 nm) [28] . The porosity is completely open and covers the range of meso-and macroporosity [29] . Figure 11 shows typical variations in scattering intensity I(q) as a function of the wave vector q during the sintering of sample N26. As densification continues, the scattered intensity data reveal changes in the aerogel structure. From these curves, we calculated the different characteristics D, ξ, and a for samples N26, N30, and B26 (Figs 12-14) . The size of the aggregates decreases and the particles increase in size. D appears to remain constant in the initial stages of sintering and then tends to 3 [30] . These transformations indicate the rearrangement of clusters toward greater compactness. Our interpretation of the scattering data suggests that densification induced by viscous flow tends to contract the aggregates and consequently reduce the volume of the sample. Densification occurred through coalescence of small particles into larger ones. D tends to 3, indicating an internal densification of the aggregates related to the coalescence of the particles. Local sintering has two effects: it pulls on the network, shrinks the cluster, and increases connectivity across the material as a whole. , the description in terms of fractal structure is questionable because the fractal range ξ/a is low, and ξ and a are close.
Raman scattering
We studied the vibrational properties of silica aerogels using low-frequency Raman spectrometry. Raman scattering occurred in partial propagation mode (acoustic type modes) and non-propagative mode of vibration (surface mode). At frequencies above 10 cm
, there was a particular characteristic in the Raman spectrum: a peak in the range 7-30 cm −1 [17] . In the literature [17, 18] it has been proposed that the frequency of this peak is linked to the vibrational mode of the constituent particles of the materials, and that the wave number (ω p ) of the peak is inversely proportional to the particle size. The observation of such a peak was first described in nucleated cordierite glass, but also in aerogels [18] . Here we report our study in a frequency range of 6-60 cm −1 , in which we analyzed the position of this peak as a function of the modifications induced by the heat treatment leading to aerogel densification [31] . Figure 15 shows changes in ω p with respect to density for samples N26 and B26. The data are in good agreement with those deduced from SAXS experiments in similar samples (see Fig. 13 ). The basic aerogel is constructed of particles larger than the neutral aerogels (ω p is 15 cm the peak disappeared due to instrumental resolution. The comparison between experimental Raman data ( Fig. 16) and SAXS (Fig. 13) shows a direct correlation between "a" and "ω p −1 " for sintered aerogels. During sintering, we observe that "ω p −1 " and "a" increase in both sets of aerogels. The results of SAXS and Raman [11] showed that the size of the aggregates (ξ) decreased, while the size of the particles (a, ω p −1 ) increased. The interpretation of these data suggests that densification is due to interfacial transformations within aggregates that pull on the network. Densification takes place through the coalescence of several small particles into a larger one. This result is consistent with viscous flow sintering. D appeared to remain constant in the initial phase of the sintering, then tended toward 3. This increase indicates internal densification of the aggregates related to the coalescence of the particles.
Changes in the texture of aerogels
In the present study, changes in the texture of the silica aerogel texture during sintering were monitored by thermoporometry [32] . In a previous study [21] , no micropores were detected in the silica aerogels. Figures 17, 18 , and 19 show changes in Rmax, Vmeso, and Vmacro during densification. Rmax is the maximum of the mesopore size distribution on the pore radius scale. Figures 17-19 show the changes in the porous features in two samples, N26 and B26. The volume of the macropores decreased with an increase in the density. However, the mesoporous volume remained constant up to a density close to 0.3 g cm −3 when the macropores disappear. Because the macropores decrease in size, they enter the mesoporous domain. In other words, as they decrease, the macropores partially contribute to the mesopore volume. However, the fact that the mesoporous volume remained constant also shows that some of the original mesopores disappeared as sintering progressed. The contribution of the original macropores to the mesopores was confirmed by the change in Rmax. Figures 17-19 show that in the initial period of sintering, the pore volume of the silica aerogels changed in an unexpected way. The mesopore volume remained constant, while Rmax increased. The size of macropores decreased and the macropores became mesopores. A probable explanation is that during the heat treatment, the smaller pores sinter first, as predicted by the viscous flow sintering models [12] . Simultaneously, this local densification takes over the structure and causes narrowing of the macropores. The unexpected behavior of macropores can play an important role in permeability. The ability of partially densified aerogels to be impregnated with active molecules will depend on residual macropores.
During the sintering heat treatments, the microstructure of the aerogel is modified and the mechanical properties are improved (10 3 -10 4 ) on the density range [33] . Reinforcement of the material is directly related to the decrease in pore volume [33] , but also to structural changes. In the 0.18-0.4 density range, the sintered aerogels are mechanically stronger than non-sintered aerogels of the same bulk density. We thus conclude that heat treatment increased the connectivity or the size of the necks between the particles. In addition to eliminating pores, sintering heat treatment increases network connectivity [34] .
Comparison of sintered aerogels with conventional glass
The silica glass obtained after controlled thermal treatment of an aerogel is dense, transparent and has the same physical properties as conventional glassy silica. Transmission measurements in the UV, near IR and IR spectral ranges revealed the absence of transition metal impurities and confirmed the good optical quality of the sintered aerogel. The most important difference is the high OH content that can favor crystallization at temperatures above 1200°C. If necessary, a dehydration heat treatment (halogenation) can be used to completely remove the OH [5] . It is reported in the literature that glasses made from gels can differ from conventional glasses. Previous work [35, 36] on the preparation of alkaline borosilicate glasses by gel melting (not sintering) showed that the homogeneity of glasses produced from gels is obtained in a much shorter melting time than in the conventional process. However, experimental results on structural relaxation in glasses obtained by sintered gels [37] led to the conclusion that, after the gel has been sintered, there are no significant differences in the field of glassy transition. A SAXS study on the kinetics of phase separation in soda-lime glasses [38] showed that for similar OH contents, there was no noticeable difference between the phase separation behavior of the gel and the ordinary glass. Brillouin scattering and low frequency Raman scattering [39, 40] revealed slight differences between sintered silica aerogel and silica glass. These differences in sound velocity, hypersonic attenuation, and "peak boson" frequency (middle order characteristic) can also be attributed to the higher OH content.
Finally, despite the structural differences before sintering, the structure and the properties of the heat-treated gels above the glass transition temperature (Tg) become indistinguishable from those of conventional glasses obtained by quenching, assuming the gel and the glass are of identical composition (OH content included).
Another question is whether gel-derived glasses exhibit the same crystallization behavior as ordinary glasses [41] . In contrast to the expected benefit of the sol-gel pathway (its ability to produce glasses with compositions that crystallize normally during quenching), it has been shown that gels tend to crystallize at lower temperatures than conventional glasses. This behavior was again attributed to the high OH content and the higher specific surface area that could increase crystal nucleation rates [42] . The formation of the glass using the gel method requires heating the gel slowly, then keeping the gel at a temperature close to the glass transition temperature [43] .
Conclusion
The viscous flow sintering model proposed by Scherer is in good agreement with the sintering kinetics of the aerogels studied in this work (fractals or not). It was thus possible to calculate the viscosities of aerogels at different temperatures and to derive the activation energies. The results of these calculations are in good agreement with those of conventional vitreous silica provided the high concentration of OH present in the sintered aerogels is taken into account. Aerogels are therefore not only precursors for the synthesis of glasses but are also materials with a polymerizable structure, high OH content, large surface area and high pore volume. Compared to a glass with the same oxide composition, the dried gels have higher structural energies. The surface, the silanol groups and the additional free volume (due to a lower crosslinking density) contribute to this high free energy, and, during the thermal conversion to glass, the gel becomes more strongly connected, while its surface area and its free volume decrease [44] . Gel-derived silica glass has the same physical properties as conventional silica glass. The advantage of the sol-gel route is the low heat treatment temperature and the high purity of the sintered material. The process has been extended to multicomponent glasses in bulk (borosilicate, phosphosilicate, lanthanide-doped glasses, etc.) [44] [45] [46] [47] . For optical applications, gradient index glasses and optics without polishing elements have been synthesized [44, 45] . The sol-gel route has also generated new glass matrices for the containment of nuclear waste [46] .
Given that glass production is only one end product of this process, new types of materials are also being developed. The intermediate steps of the process make it possible to generate new families of materials, for example by combining polymer synthesis with sol-gel techniques [9, 10] . These combinations produce hybrid (organic/inorganic) networks in which the organic constituents are not removed by heat treatment and hence participate in network connectivity. Another family of new materials results from the biphasic character of the gel; the porous texture of the gel can be used as a host matrix. The porosity allows the gel to be impregnated with a liquid species. The ability to adjust the pore volume and the potential liquid diversity (monomers, electrolytes, salts in solution, gelling solutions, etc.) extend the possibilities of the sol-gel-glass process to a wide range of silica doped with composite materials and containers. In addition to its technological interest, the sol-gel route also raises certain fundamental problems. Aerogels are ideal materials in that changes in physical properties with respect to the structure can be studied experimentally over the entire porosity range, i.e., from 0 to 99%.
